Mass at ten u a tion co ef fi cients, mean free paths and ex po sure buildup fac tors have been used to char ac ter ize the shield ing ef fi ciency of metal hy drides and borohydrides, with high den sity of hy dro gen. Gamma ray ex po sure buildup fac tors were com puted us ing five-pa ram e ter geomet ric pro gres sion fit ting at en er gies 0.015 MeV to15 MeV, and for pen e tra tion depths up to 40 mean free paths. Fast-neu tron shield ing ef fi ciency has been char ac ter ized by the ef fec tive neu tron re moval cross-sec tion. It is shown that ZrH 2 and VH 2 are very good shield ing ma teri als for gamma rays and fast neu trons due to their suit able com bi na tion of low-and high-Z el e ments. The pres ent work should be use ful for the se lec tion and de sign of blan kets and shield ing, and for dose eval u a tion for com po nents in fu sion re ac tors.
INTRODUCTION
Ra di a tion shield ing is an im por tant as pect when de sign ing new and ef fi cient ma te ri als for fu sion re actors. New gen er a tion fu sion re ac tors are com pact in size and re quire low-thick ness ma te ri als for shield ing and heat re moval. Ma te ri als for ra di a tion shield ing are se lected from spec i fi ca tions of low ra dio ac tive waste (radwaste), low back ground ra di a tion out side the shield and low nu clear heat. Ra di a tion shield ing depends on op er at ing pa ram e ters and ra di a tions in the reac tor. High-en ergy and high-in ten sity neu trons, produced by fu sion plasma, have a sig nif i cant ef fect on the life span of com po nents in fu sion re ac tors. The deu te rium-tri tium fu sion re ac tion in the plasma produces 14.1 MeV neu trons, whereas the av er age neutron en ergy in fis sion re ac tors is about 2 MeV. Thus, high-en ergy neu trons in a fu sion re ac tor will in duce re ac tions that do not oc cur in fis sion re ac tors. Emit ted gamma rays have en er gies up to 10-20 MeV [1] . Gilbert et al. [2] have de vel oped an in te grated model for ma te rial ir ra di a tion, pro duc ing de fects, trans mu tation of el e men tal at oms, swell ing and embrittlement. Re cently, metal hy drides and borohydrides have been sug gested as ad vanced shield ing ma te ri als for fu sion re ac tors [3] . The shield ing ef fi ciency of gamma rays and neu trons in fis sion re ac tors has been in ves ti gated for con cretes [4, 5] and al loys [6, 7] . How ever, a cor re -spond ing study of metal hy drides and borohydrides has un til now been lack ing.
Var i ous re search ers have used geo met ric-progres sion (G-P) fit ting to de ter mine gamma ray buildup fac tors for al loys [6] , fly-ash ma te ri als [8] , con crete shield ing [5] , brick ma te ri als [9] , gas eous mix ture [10] , thermoluminescent dosimetric ma te ri als [11] , heavy metal ox ide glasses [12] , and hu man or gans and tis sues [13] . These stud ies show that G-P fit ting is useful for es ti mat ing buildup fac tors.
In the pres ent work, we have in ves ti gated the shield ing ef fi ciency of metal hy drides and borohydrides in terms of the mass at ten u a tion co ef fi cient, the mean free path (mfp) and the ex po sure buildup fac tor (EBF). Ex po sure buildup fac tors were cal cu lated us ing G-P fitting at pho ton en er gies 0.015-15 MeV, and for pen e tration depths up to 40 mfp. The re sults should be use ful in var i ous ap pli ca tions of ra di a tion ex po sure and shield ing, e. g. in the de sign of fu sion re ac tors.
MATERIALS AND METHODS
Metal hy drides and borohydrides Mg(BH 4 ) 2 , NaBH 4 , VH 2 , TiH 2 , ZrH 2 , and BaH 2 have been rec ommended by Hayashi et al. [3] for neu tron shield ing because of their high hy dro gen con cen tra tion. The mass density is in the range 1.08 g/cm 3 to 5.6 g/cm 3 . The hy dro gen den sity ranges from 3.6×10 22 cm -3 to 13.2×10 22 cm -3 . The ma te ri als are avail able as pow ders and can eas ily be pre -pared in any shape de sired. The com pounds can also be mixed with other ma te ri als for tai lor ing the shield ing prop er ties.
Mass at ten u a tion co ef fi cients (µ/r) of the selected metal hy drides and borohydrides were cal culated with the WinXcom soft ware [14] . The mean free path, mfp, is the re cip ro cal of the lin ear at ten u a tion coef fi cient (µ). Atomic weights of the el e ments have been taken from the re cent tech ni cal re port of the Inter na tional Un ion of Pure and Ap plied Chem is try (IUPAC) [15] .
The ANSI/ANS-6.4.3-1991 (ANS, 1991) [16] stan dard by the Amer i can Nu clear So ci ety is a com pila tion of buildup fac tors at en er gies 0.015-15 MeV, and for pen e tra tion depths up to 40 mean free paths (mfp) and el e ments Z = 4 to Z = 92 * . Harima et al. [17] have de vel oped a five-pa ram e ter fit ting for mula, called G-P, which gives the buildup fac tors for compounds and mix tures, see also the his tor i cal re view by Harima [21] . G-P fit ting is known to be ac cu rate within 5 %. The buildup fac tor B(E, x) can be cal culated from the fol low ing equa tions [17, 21] 
where E is the source en ergy, x -the pen e tra tion depth in units of mfp, and a, b, c, d, and X K are G-P fit ting param e ters. The buildup of pho tons is mainly due to mul ti ple Compton scat ter ing, and for a com pound or mix ture it can be char ac ter ized by an equiv a lent atomic num ber Z eq . The buildup fac tor of a given ma te rial can be calcu lated in a three-step pro ce dure [5, 6, 8, 11, 12, 13] . First, Z eq is cal cu lated by log a rith mic in ter po la tion using the ra tio, (µ/r) Compton /(µ/r) to tal . Know ing Z eq , the G-P fit ting pa ram e ters are then cal cu lated us ing a sim ilar in ter po la tion for mula [22, 23] . Fi nally, the buildup fac tors are cal cu lated from the G-P fit ting pa ram e ters us ing equa tions (1)- (3) . Z eq and the G-P fit ting pa rame ters of the pres ent work are given in tabs. 1-6. The expo sure buildup fac tors are given in tab. 7.
The ef fec tive re moval cross-sec tion is ap prox imately con stant for neu tron en er gies 2-12 MeV [24] . The ob served neu tron re moval cross-sec tions are roughly 2/3 of the to tal cross-sec tion for neu trons hav ing en er gies 6-8 MeV [25] . The ef fec tive neu tron re moval cross-sec -tion of a com pound or ho mog e nous mix ture can with good ap prox i ma tion be cal cu lated by the mix ture rule using the re moval cross-sec tion S R [cm -1 ] or the mass removal cross-sec tion S R /r [cm 2 g -1 ] of the con stit u ent el ements [26] . Mass re moval cross-sec tions of the el e ments have been taken from Kaplan, Chilten et al., Profio, and El-Khayatt [24, [27] [28] [29] .
Uncertainties
The un cer tainty of Z eq is de ter mined by the uncer tain ties of the Compton and to tal at ten u a tion cross-sec tions. Ex cept for the fine struc ture im me diately above ab sorp tion edges, the un cer tainty is less than 1-2 % in the Compton re gion (10 keV-1 MeV). At me dium en er gies (1-100 MeV), the un cer tainty is slightly larger (2-3 %) due to the ad di tional un certainty of the pair-pro duc tion cross-sec tion, par tic ularly in the photonuclear gi ant res o nance re gion 10-30 MeV [30] .
EBF val ues from ANSI/ANS-6.4.3, G-P fit ting, and the gen eral-pur pose Monte Carlo N-Par ti cle (MCNP-5) code [20] are com pared in fig. 1 for wa ter. The max i mum de vi a tion of EBF in G-P fit ting is within 0.5-3 % [17] . The pres ent cal cu la tions of the buildup fac tor agree with ANSI/ANS-6.4.3 for air and wa ter within a few %. The MCNP-5 re sults dif fer at most by 14 % [20] . The val ues for the ef fec tive neu tron re moval cross-sec tion are ac cu rate within 10 % for alu mi num, be ryl lium, graph ite, hy dro gen, iron, lead, ox y gen, bo ron car bide, etc. [25] .
RESULTS AND DISCUSSION
Gamma ray shield ing ef fi cien cies of se lected metal hy drides and borohydrides have been in ves tigated in terms of the mass at ten u a tion co ef fi cient, µ/r, the mean free path, mfp, and the ex po sure buildup factor, EBF. Fig ures 2 and 3 show µ/r and mfp as functions of pho ton en ergy (0.015-15 MeV). Fig ure 4 (a-f) and fig. 5(a-d) show the ex po sure buildup fac tor as a func tion of pho ton en ergy (0.015-15 MeV) and pen etra tion depth (up to 40 mfp), re spec tively. The fast-neu tron re moval cross-sec tion is shown in fig. 6 as a func tion of hy dro gen den sity. The un cer tain ties in our cal cu la tions are neg li gi ble.
Attenuation coefficient and mean free path
Mass at ten u a tion co ef fi cients of se lected metal hy drides and borohydrides are shown in fig. 2 . It is seen that µ/r is very large in the photo-ab sorp tion region and re duces grad u ally to be come al most con stant in the Compton scat ter ing re gion (100 keV to 3 MeV). 0.05, 0.15, 1.5, and 15 MeV at 1, 5, 10, 20, and 40 For ZrH 2 and BaH 2 the K-ab sorp tion edges of Zr and Ba are ob served as dis con ti nu ities at 18.00 and 37.44 keV, re spec tively. The mean free path, mfp, var ies as the re cip rocal of the mass at ten u a tion co ef fi cient. It is noted in fig. 3 that NaBH 4 has the larg est mfp in the en tire en -ergy re gion. In con trast, BaH 2 has the small est mfp and there fore gives the best shield ing among the selected com pounds. This is be cause BaH 2 com bines a high-Z el e ment (Z = 56) and a high den sity of mass (4.2 g/cm 3 ). Also ZrH 2 is a very good gamma ray shield ing ma te rial. Fig ure 4(a-f) 
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Exposure buildup factors
The ex po sure buildup fac tor (EBF) of se lected metal hy drides and borohydrides is shown in fig.   4 (a-f) as a func tion of pho ton en ergy. The curves have the same gen eral shape as ob served for many other com pounds. In par tic u lar, the de pend ence on the chem i cal com po si tion is sim i lar to what is ob served for con cretes [5] . Ta bles 1-6 shows that NaBH 4 and Mg(BH 4 ) 2 have lower val ues of Z q than BaH 2 . This is nat u ral, since NaBH 4 and Mg(BH 4 ) 2 con tains low-Z el e ments (Z = 11 and 12, re spec tively), whereas BaH 2 con tains a high-Z el e ment (Z = 56).
The ex po sure buildup fac tor (EBF) of metal hydrides and borohydrides is shown in fig. 5(a-d) as a func tion of pen e tra tion depth. Also here, the curves have the same gen eral shape as ob served for many other com pounds. In tab. 7 we com pare the EBF values of metal hy drides and borohydrides with steel mag ne tite [5] , lead [16] , and SS316L al loy [6] . den sity. It is ob served that the re moval cross-sec tion is larg est (0.20 cm -1 ) for VH 2 and small est (0.090 cm -1 ) for BaH 2 . Gen er ally, S R in creases with in creas ing hydro gen den sity. How ever, it is seen that S R is larger for VH 2 (H den sity 10.5×10 22 cm -3 ) than for Mg(BH 4 ) 2 (H den sity 13.2×10 22 cm -3 ). S R for steel-mag ne tite is 0.142 cm -1 the o ret i cally and 0.168 cm -1 ex per i mentally [4] . S R equiv a lent to wa ter can be achieved by using high-Z el e ments as shown in the fig. 6 for NaBH 4 and ZrH 2 . The above ob ser va tions sig nify that hy drogen den sity or low-Z is not the only de cid ing fac tors for fast-neu tron at ten u a tion. The fast-neu tron shielding ca pa bil ity de pends not only on low-Z but also on a suit able com bi na tion of low-and high-Z el e ments. There fore, we con clude that a com bi na tion of low-and high-Z el e ments is vi tal for the fast-neu tron shield ing ef fi ciency.
Fast neutron removal cross-section
CONCLUSIONS
In the pres ent study, we have examined the shield ing prop er ties of some ad vanced metal hy drides and borohydrides for pos si ble use in fu sion re ac tors. We have cal cu lated the mass at ten u a tion co ef fi cient, the mean free path and the ex po sure buildup fac tor at pho ton en er gies 0.015-15 MeV, and pen e tra tion depths up to 40 mfp. Fast-neu tron re moval cross-sections of the metal com pounds have been cal cu lated by the mix ture rule. VH 2 is found to be a very good fast-neu tron shield ing ma te rial at neu tron en er gies 2-12 MeV. A com bi na tion of low-and high-Z el e ments is vi tal for fast-neu tron shield ing ef fi ciency. ZrH 2 is found to be a very good gamma ray shield ing ma te rial. The pres ent study should be use ful in se lect ing advanced shield ing ma te ri als for the next gen er a tion of fu sion re ac tors.
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